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4.  LIST  OF  ATTENDEES 


1.  INTRODUCTION 


This  workshop  on  Semiconductor  Lasers  and  Their  Applications"  represents 
the  twenty-seventh  of  a  series  of  intensive  academic  /  government  interactions 
in  the  field  of  advanced  electro-optics,  as  part  of  the  Army  sponsored  University 
Research  Initiative.  By  documenting  the  associated  technology  status  and 
dialogue  it  is  hoped  that  this  baseline  will  serve  all  interested  parties  towards 
providing  a  solution  to  high  priority  Army  requirements.  Responsible  for 
program  and  program  execution  are  Dr.  Nicholas  George,  University  of 
Rochester  (ARO-URI),  and  Dr.  Rudolf  Buser,  CCNVEO. 


2.  SUMMARY  AND  FOLLOW-UP 


The  workshop  on  "Semiconductor  Lasers  and  Their  Applications"  was 
organized  jointly  by  Prof.  Govind  Agrawal  of  the  University  of  Rochester  and  Dr. 
C.  Ward  Trussell  of  CECOM  Center  for  Night  Vision  and  Electro-Optics.  It  was 
held  on  December  17,  1990  at  Fort  Belvoir  and  was  attended  by  20  people, 
including  9  from  the  University  of  Rochester.  The  agenda  consisted  of  9 
technical  presentations  of  about  20-25  minutes  with  about  10  minutes  devoted 
to  scientific  discussions  at  the  end  of  each  presentation.  A  final  30-minute 
session  was  devoted  to  a  general  discussion  aimed  at  finding  areas  of  potential 
collaborations. 

Dr.  C.  Ward  Trussell  opened  the  workshop  with  an  overview  of  the  laser-diode 
programs  at  the  CCNVEO.  The  talk  was  particularly  useful  to  the  scientists  from 
the  University  of  Rochester  as  it  gave  a  clear  indication  of  the  objectives  and  the 
thrust  behind  the  laser-diode  research  at  CCNVEO. 

The  presentation  by  Prof.  Govind  Agrawal  focused  on  the  dynamic  performance 
of  semiconductor  lasers.  He  presented  the  details  of  a  model  based  on  the 
generalized  rate  equations.  The  model  takes  into  account  both  interband  and 
intraband  gain  saturation  and  is  particularly  suited  for  a  fundamental 
understanding  of  the  limitations  on  the  output  power  under  current  modulation. 
Dr.  Trussell  indicated  that  the  model  can  be  useful  for  the  1 .5  pm  laser  program 
at  CCNVEO. 

The  research  on  laser-diode  arrays  at  CCNVEO  was  summarized  by  Mr.  David 
Caffey.  He  indicated  the  program  goals  and  discussed  the  current  status.  Basic 
steps  behind  the  fabrication  of  laser  diode  arrays  were  presented  in  a  clear 
way.  He  also  mentioned  the  research  on  external-cavity  lasers  as  it  can  be 
used  to  combine  the  output  of  multiple  diodes  coherently  with  a  narrow 
spectrum. 

Prof.  Gary  Wicks  reviewed  the  status  of  the  growth  of  lll-V  materials  and  devices 
by  using  the  molecular-beam  epitaxy  (MBE)  machine  at  the  University  of 
Rochester.  The  CCNVEO  group  was  particularly  interested  if  we  were  able  to 
grow  InGaAsP  material  in  the  wavelength  range  1.5-1. 6  pm.  There  is  a 
possibility  of  future  collaboration  in  this  field. 

The  next  talk  by  Prof.  T.  G.  Brown  discussed  the  intensity-phase  coupling  in 
semiconductor  lasers.  Such  a  coupling  is  governed  by  the  linewidth 
enhancement  factor.  The  emphasis  of  the  presentation  was  to  study  how  the 
linewidth  enhancement  factor  may  depend  on  the  device  structure  and 
geometry,  particularly  in  the  case  of  distributed  feedback  lasers. 

Mr.  Vernon  King  presented  the  measurement  techniques  and  the  data  used  to 
quantify  the  material  and  device  characteristics  of  laser  diode  arrays.  The  light- 
current  curves,  the  near  and  far  fields,  and  the  optical  spectrum  were  among  the 
many  measurements  made  to  characterize  such  arrays. 


The  noise  characteristics  of  semiconductor  lasers  were  discussed  by  Dr. 
George  Gray  of  the  Institute  of  Optics.  He  mentioned  how  spontaneous 
emission  leads  to  intensity  and  phase  fluctuations  in  semiconductor  lasers.  The 
issues  discussed  were  the  relative  intensity  noise,  mode-partition  noise, 
frequency  noise,  and  the  laser  linewidth.  The  laser  linewidth  was  found  to  be 
considerably  enhanced  by  the  presence  of  a  weak  side  mode  due  to  cross¬ 
saturation  effects. 

Mr.  Richard  Utano  of  CCNVEO  discussed  how  diode  pumping  can  be  used  to 
produce  high-efficiency  Q-switched  lasers  and  amplifiers.  He  presented  the 
data  on  several  diode-pumped  Nd-ion  lasers  with  different  host  materials.  The 
role  of  fluorescence  lifetime  on  the  storage  efficiency  was  considered  and 
issues  related  to  its  optimization  were  discussed. 

The  final  presentation  of  the  workshop  by  Mr.  Mark  Biermann  of  the  Institute  of 
Optics  focused  on  the  quantum-well  devices.  In  particular,  he  discussed  how 
the  subband  structure  is  affected  when  two  narrow  quantum  wells  are  brought 
closer.  He  has  developed  a  sophisticated  computer  model  to  analyze  the 
electrical  and  optical  properties  of  coupled  quantum-well  devices. 

After  the  formal  presentations  a  concluding  session  followed  in  which  all 
participants  discussed  various  aspects  of  semiconductor  lasers  and  their  use  for 
pumping  solid-state  lasers.  The  purpose  of  this  technical  discussion  was  to 
identify  the  follow-up  items.  Three  possible  areas  were  identified. 

The  material  research  related  to  the  growth  of  InGaAsP  material  in  the 
wavelength  region  1.5-1. 6  pm  is  of  considerable  interest  to  CCNVEO  because 
of  its  applications  in  laser  radars  and  range  finders.  Prof.  Gary  Wicks  of  the 
University  of  Rochester  and  Dr.  Dave  Caffey  of  CCNVEO  will  follow-up  on  this 
topic.  The  numerical  modeling  capability  of  Prof.  Agrawal's  group  is  of  interest 
to  CCNVEO  for  the  purpose  of  exploring  the  power  limitation  on  1.5-pm 
InGaAsP  lasers  imposed  by  interband  and  intraband  gain  saturation.  Prof. 
Agrawal  of  the  University  of  Rochester  and  Dr.  Trussell  of  CCNVEO  intend  to 
follow-up  on  this  topic.  There  is  some  interest  in  the  work  on  semiconductor- 
laser  noise  since  it  may  relate  to  the  coherent  laser  radar.  Further  technical 
discussions  will  continue  to  explore  this  topic. 

The  workshop  ended  at  about  3:30  pm  and  was  followed  by  a  tour  of  various 
laboratories  in  the  Lasers  and  Photonics  Division. 
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PHASE  I  RESULTS 
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Figure  1.  ORIN-SCH  diode  epitaxial  structure  (not  to  scale).  The  actual  indium 
concentration  in  the  quantum  well  is  estimated  to  be  22%. 
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EFFICIENCY  OF  END/DIODE  PUMPED  ER  LASER 
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REFLECTIVITY  OF  OUTPUT  99.4  97.9 

COUPLER  (%R) 


REFUECTTVTTY  OF  OUTPUT  99.4  97.9 

COUPLER  (%R) 


ENERGY  EFFCtNCY 

DEFERENTIAL  (SLOPE)  2.6  7.1 

EFFICIENCY  (%) 

THRESHOLD  (mJ 9 M2nm)  0.86  0.90 


PEAK  POWER  EFFICIENCY 

DEFERENTIAL  (SLOPE)  2.7  7.7 
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Dynamics  of  Semiconductor  Lasers  and  Amplifiers 


Govind  P.  Agrawal 
The  Institute  of  Optics 
University  of  Rochester 


•  Introduction 

•  Semiconductor  Laser  Dynamics 

•  Nonlinear  Gain 

•  Modified  Rate  Equations 

•  Modulation  and  Noise  Characteristics 

•  Semiconductor  Optical  Amplifiers 


•  Concluding  Remarks 
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Carrier-Induced  Nonlinearity 


•  Refractive  index  in  semiconductor  laser  amplifiers  depends 
on  the  injected  carrier  density. 

•  Gain  saturation  leads  to  intensity-dependent  variations  in  the 
carrier  density. 

•  Refractive  index  becomes  intensity  dependent  as  a  result  of 
gain  saturation 

•  Self-phase  modulation  due  to  carrier-induced  nonlinearity. 

•  Amplified  pulse  develops  a  nearly  linear  frequency  chirp. 

•  Chirped  pulse  can  be  compressed  by  passing  through  a 
dispersive-delay  line. 

•  Significant  chirp  can  occur  for  input  pulse  energies  as  small 


as  0.1  pJ. 
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Concluding  Remarks 


Rate  equations  can  model  the  laser  dynamics  quite  well. 

Intraband  gain  saturation  must  be  considered  for  a  realistic 
description  of  semiconductor  lasers. 

Nonlinear  gain  limits  the  modulation  bandwidth  of  semiconductor 
lasers  in  the  neighborhood  of  30  GHz. 

Carrier-induced  dispersion  is  important  for  semiconductor  optical 
amplifiers.  It  can  lead  to  pulse  compression  under  certain  condi¬ 
tions. 

Spectrum  of  the  amplified  pulse  is  considerably  modified  by  gain- 


induced  self-phase  modulation. 
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CENTER  FOR  OPTO-ELECTRONIC  SYSTEMS  RESEARCH 
MBE  GROWTH  FOR  VISIBLE  AND  NEAR-INFRARED  LASERS 


m-V  Materials  and  Devices 


Gary  W.  Wicks 


I.  FACILITIES  AT  UR 
•MOLECULAR  BEAM  EPITAXY  (MBE) 

beams  available:  III:  Al,  Ga,  In 

V:  AS4,  P2 
Dopants:  Si,  Be 


materials:  GaAs/AlGaAs/GalnAs  on  GaAs 
GalnP/AlInP  on  GaAs 
(GalnAs/AlInAs  on  InP) 

(III-V’s  on  Si  substrate) 


•CHEMICALLY  ASSISTED  ION  BEAM  ETCHING 
Dry  Etching  of  GaAs 

RAPID  THERMAL  ANNEALERS 
Annealing  of  GaAs  and  Si 

DPTICAL  CHARACTERIZATION 
Raman  Spectroscopy 
Photoluminescence 

Photoluminescence  Excitation  spectroscopy 
Waveguide  endfiring 


DEVICE  PROCESSING  EQUIPMENT  (D.  HALL) 


Evaporators 

Photolithography 


m-V  Materials  and  Devices 


Gary  W.  Wicks 
II.  RESEARCH  AREAS 

•m-V  MATERIALS  STUDIES 

-  Vertical  Superlattices/Quantum  Wires 

-  GalnP/AlInP  on  GaAs  Substrates 

-  (1 1 1)  Quantum  Wells 

•OPTO-ELECTRONIC  EFFECTS  AND  DEVICES 

-  Quantum  Well  Lasers 

•visible  (?i  £  660  nm)  AlGalnP  materials 
•IR  (720  nm  <  X  <  1.1  Jim)  AlGaAs/GalnAs 
•dry  etching  of  laser  mirrors  for  integration 

-  Optical  Modulators 

•new  electrooptic  effects 

-  enhanced  e/o  effects  in  { 1 1 1 }  quantum  wells 

-  field  induced  ionization  of  excitons  in  QW's 

-  coupled  quantum  wells 

•MQW  modulators  in  mismatched  materials 

-  AlGaAs/GaAs  on  Si 

-  AlGaAs/GalnAs  on  GaAs 


Threshold  Current  Density  (A/cmA2) 


Best  Reported  Quantum  Well  Laser 
Results 


mugap  energy  lev/ 


lll-V  Compounds  Lattice*matched  to  GaAs  Substrates 


Bandgap  Wavelength  (nm) 


Conventional  Solid 
Phosphorous  Source 

Problems: 

•Small  phosphorous  charge 
•Shutter  clogging 
•Loss  of  phosphorous  during 
machine  bake-out 
•Beam  stability /low  operating 
temperature 

Solutions: 

•Phosphine  Gas  Source 

*+  Solves  above  problems,  but 
is  toxic  and  expensive 
•  Valved  Cracker 

Solves  above  problems,  and 
is  safe  and  inexpensive 


Shutter 


Valved  Solid 
Phosphorous  Source 
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air 


ultra-high 

vacuum 


•••••••< 


Needle  Valve 


cracker 


Red  Phosphorous 


Absorption  (cm-1) 


820  830  840  850  860  870 

Wavelength  (nm) 


Enhanced  Electrooptic  Effects  on  Quantum 
Wells  Grown  on  (111)  Substrates 


•Heavy  hole  effective  mass: 

— >  in  plane  of  QW:  m£h(001)  >  mj|h(l  1 1) 

-»  -L  to  plane  of  QW:  m^Cl  1 1)  >  mhh(001) 

Results  —  increased  oscillator  strength  in  QW’s 
on  {111}  surfaces. 

— » lasers:  higher  gain,  lower  threshold,  higher  speed 
— >  modulators:  higher  electroabsorption  and 
electrorefraction,  higher  speed 


•Piezoelectric  effects 


Vertical  Snperlattice: 
Diagrams  in  real  and  reciprocal  space. 
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FIG.  1.  (a)  Idealised  representation  of  an  ( AlAs)«j  (GaAs)a,  fractional- 
laycr  sopcrlattice  grown  on  a  (001 )  vicinal  surface  The  shaded  and  un¬ 
shaded  areas  correspond  to  AlAs  and  CaAs  layers,  respectively,  fb)  X-ray 
diffraction  position  in  reciprocal  lattice  apace  expected  from  ideal  FLS 
structure. 


For  a  substrate  misorientation  of  a  =  2  degrees,  the  average  terrace  width 
d  is  84  A. 


(Appl.  Phys.  Lett.  50  (13),  March  30,  1987  -  Takashi  Fukui) 
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Concept: 

Circular  Grating  Surface  Emitting  (CGSE)  Laser: 

A  Special  Case  of  a  Circular  Surface  Emitting  (CSE)  Laser 


•  Circular  Beam 


•  Large  Emission  Aperture 

Well-collimated  Beam 
High  Power 

★  Utilizes  Planar  Waveguide 
Modes 

Light  Confinement 
Current  Confinement 


•  2  -  Dimensional  Array 


★ 


Equal  Phase-Locking 
in  Both  Dimensions 


•  General  CSE  (Including  CGSE  and  Vertical  Cavity  SE) 

★  Unique  to  Circular  Grating  Surface  Emitting  Laser 


Possible  Implementations 

of  a  Circular  Grating  Surface  Emitting  Laser: 
A  Circular  Distributed  Feedback  (DFB)  Laser 


A  Circular  Distributed  Bragg  Reflector  (DBR)  Laser 


CENTER  FOR  OPTO-ELECTRONIC  SYSTEMS  RESEARCH 
INTENSITY-PHASE  COUPLING  IN  SEMICONDUCTOR  LASERS 
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Spontaneous  Emission 


The  spontaneous  emission  event  perturbs  both  the 
intensity  and  phase  of  the  optical  signal. 
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HIGH-POWER  LASER  DIODE  ARRAY  MEASUREMENTS 
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Vernon  King 
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Intensity  Noise  and  Phase  Noise 
in  Semiconductor  Lasers 


George  P.  Gray 
The  Institute  of  Optics 
University  of  Rochester 


Introduction 


Langevin  Rate  Equations 

Intensity  Noise  and  Mode-Partition  Noise 

Frequency  Noise 

Optical  Spectrum  a.'d  Laser  Linewidth 


Conclusions 


Sourcjs  of  Noise 


Intrinsic  Noise  Sources 

•  Spontaneous  emission 

•  Shot  noise 
Extrinsic  Noise  Sources 

•  Pump  fluctuations 

•  Environmental  fluctuations 

•  Extrinsic  noise  dominates  in  most  lasers. 


Noise  in  semiconductor  lasers  dominated  by 
spontaneous  emission. 


Two-Mode  Theory 


Nearly-Single-Longitudinal  Mode  Lasers 
Two  orthogonal  polarizations 
Two  stripes  of  a  laser  array 

Two  competing  directions  in  external  cavity  ring  laser 


Spontaneous  Emission  Noise 


Each  spontaneously  emitted  photon  perturbs  the  coherent  field 
established  by  stimulated  emission. 

Rate  of  spontaneous  emission  is  relatively  high  (  -1012  s"1)  in 
semiconductor  lasers. 

Phasor  diagram  shows  induced  intensity  and  phase  fluctuations. 
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Langevin  Rate  Equations 


dPi  r  1  i 

dT  =  LG’>]  Pi  +  RsP  +  F.(t) 


sM[°-£]+W 


dN  I  N  ^  ^  , , 

dt  "  q  '  xe  '  ?GiP»  +  Fn(t) 
n  1 


Langevin  Noise  Sources 


<Fj(t)>  =  0 


<Fi(t)Fj(t')>  =  2Dij5(t-f) 


Nonlinear  Gain  in  Single  Mode  Lasers 


G(N,P)  = 


Gn(N-Nq) 

Vi  +  p/p< 


Nonlinear  Gain  for  Two-Mode  Laser 


Gi(N,Pj)  =  Gn(N-No)  -  PiPi  -  GijPj 


Nonlinear  gain  saturates  the  SNR  to  about  30dB 


RIN  (dB/Hz) 


Mode-Partition  Noise 


Intensity  noise  of  the  main  mode  is  enhanced  due  to 
the  presence  of  a  relatively  weak  side  mode. 


FREQUENCY  (GHz) 

_  Main-mode  power 

Mode-suppression  ratio:  MSR  =  side_mode  power 

Large  increase  in  low-frequency  noise  (30-40  dB) 


RIN  (dB/Hz) 


Increase  in  Total  RIN  due  to  Nonlinear  Gain 

Cross  Saturation  by  a  weak  side  mode  can  also  enhance 
the  total  low  frequency  RIN. 


If  MSR  degrades  with  increasing  power,  total  SNR  can 
actually  worsen  at  high  powers. 


Phase  Noise 


fir  J_d£ 

Frequency  fluctuations:  Sf  "  2%  d  t 


Frequency-noise  spectrum  (FNS) 

Sf(co)  =  J<8f(t)8f(t+t)>  exp(-ion)  dx 


Optical  Spectrum 


+oo 


Se(«>)  =  J<8E(t)8E*(t+x)>  exp(-ia>x)  dx 


Relaxation  oscillations  appear  as  satellite  peaks  in  the 
optical  spectrum. 
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Asymmetry  in  the  side  bands  is  related  to  amplitude 
phase  coupling  (a). 
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LINEWIDTH  (MHz) 


Laser  Linewidth 


Single-mode  lasers: 


Rst>(l+a2) 

Av "  4nP 


In  practice,  Av  saturates  at  about  10  MHz  (and  often 
rebroadens)  at  power  levels  of  10-20  mW. 


POWER  (mW) 


•  Pos&iVJk  CUfrrvA  ljf  tfcUAfi , 

'RoHi-kuhYvwg  f  Jl/vtao.LcwrJ|.  .Aatu/rCX&.0>1, 

Sl'Jft-ffloJlc.  cross  ScJtuYajLovi 


UNEWIDTH  (MH 


Side-Mode  Cross  Saturation 


Gi(N,Pj)  =  Gn(N-No)  -  piPi  -  6ijPj 


POWER  (mW) 

Theory  shows  maximum  rebroadening  at  particular 
side-mode  power.  For  high  power  lasers,  even  a  good 
MSR  can  allow  for  substantial  side  mode  power. 

s  -ST 

*  \2(0-p) 


Conclusions 


Noise  in  semiconductor  lasers  dominated  by 
spontaneous  emission 

Both  laser  intensity  noise  and  phase  noise  can  be 
strongly  affected  by  side  modes. 

Mode:partition  noise  can  increase  the  main-mode  RIN; 
Cross  saturation  can  enhance  the  total  RIN. 

Side-mode  cross  saturation  can  also  lead  to  saturation 
and  rebroadening  of  the  laser  linewidth. 


Acknowledgements:  Govind  Agrawal 


CECOM  CENTER  FOR  NIGHT  VISION  AND  ELECTRO-OPTICS 
DIODE-PUMPED  SOLID-STATE  LASER  AMPLIFIERS 
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•  LARGE  BOULES  -  HIGH  DAMAGE  THRESHOLD 


BTI  PRODUCIBILITY 
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OUTPUT  ENERGY  AS  A  FUNCTION  OF  DIODE-ARRAY  WAVELENGTH  OR  TEMPERATURE 

INPUT  ENER6Y  IS  100  HJ 

Temperature  (°C) 
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Input  Wavelength 


Nd:  LYAG  ABSORPTION  SPECTRUM 


WAVELENGTH  (NM) 


SIDE  PUMPED  YAG 
FLUORESCENT  PROFILE 
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McDonnell  Douglas  Diode  Arrays 


AMPLIFIER  GAIN  EXPERIMENT 
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STORAGE  EFFICIENCY  ANALYSIS 


MATERIAL  COMPARISON 


LYAG  YAG  YLF  (pi) 


SUMMARY 
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HIGHER  INTENSITY  ARRAYS  WOULD  HAVE  SIGNIFICANT 
IMPACT  ON  OVERALL  LASER  EFFICIENCY 
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-look  at  fluorescent  profiles  and  measure  small 
signal  gain  at  various  material  absorption 
strengths 


DIODE  PUMPED  RODS 
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MEASURE  SMALL  SIGNAL  GAIN  OF  VARIOUS  MATERIALS 


QUANTUM-WELL  DYNAMICS 


Subband  Structure  for  Narrow, 
Coupled  Quantum  Wells 


Mark  L.  Biermann  and  C.  R.  Stroud,  Jr. 
University  of  Rochester 


Also  acknowledge  the  assistance  of 
Christian  Mailhiot 


Theoretical  Approach 


1.  Zone-center  basis  states  from  a 
pseudopotential  calculation. 

*Use  only  material  parameters 
and  superlattice  symmetry. 

♦Effective  masses  are  not  assumed. 

2.  Use  the  k»  p  theory  to  calculate 

band  structure. 

♦Couple  Ti  conduction  and  Tis  valence 
bands  to  spinor.  Treat  explicitly. 

♦Treat  neighboring  states  in 
Lowdin  Perturbation  Theory. 

♦Use  normal  component  of  current 
density  operator  for  interface 
matching  of  bulk  eigenfunctions. 

See:  Smith,  D.  L.  and  C.  Mailhiot,  Phys.  Rev.  B.,  33,  8345- 

8372,  (1986). 


The  System  Studied: 

Symmetric  Coupled  Quantum  Wells, 
(SCQWs),  well  width  W  and  barrier 
width  B,  as  seen  below. 


W  W 


♦Growth  direction  100,  room  temperature 

♦Wells  are  GaAs  layers  ranging  in  widtho 
from  4  to  35  monolayers,  11.4  to  99.0  A 

♦Barriers  are  Al.3Ga.7As  layers,  4  to  6 
monolayers,  11.4  to  17.0  A,  thick 

♦Fourth  layer  of  periodic  structure  is  a 
thick  AlGaAs  layer  to  isolate  SCQWs 

♦43%  of  bandgap  offset  goes  to  valence 


iFsi  in 


Valence  Subband  Energy  Positions 

The  first  three  valence  subbands  are 
plotted  against  well  width  for  fixed  barrier 
widths  of  4  and  6  atomic  monolayers,  11.4 
and  17.0  A,  respectively. 

Hole  Subbands,  11.4  A  barriers 


*LH1  crosses  under  HH2  for  narrow 
wells,  less  than  7  monolayers,  19.8  A 

♦Crossover  observed  experimentally. 
Could  be  useful  in  Quantum  Confined 
Stark  Effect  devices  or  experiments 

See:  H.  Kawai,  J.  Kaneko,  N.  Watanabe,  J.  Appl.  Phys.  58, 
1263  (1985). 


Energy  [meV] 


valence  subbands,  cont. 


Hole  Subbands,  17.0  A  barrier 


*  HH1/HH2  splitting  smaller  due  to 
thicker  barrier 

*  LH1  crosses  under  HH2  at  narrower 
well  widths,  less  than  5  monolayers, 
13.3  A 

*  HH1  and  HH2  are  symmetric  and  anti¬ 
symmetric  solutions  arising  from  HH1 
solution  in  single  well 

*  HH1  and  HH2  become  degenerate  for 
wide  wells. 
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valence  subbands,  cont. 

Difference  Between  HH2  and  LH1 

♦Helpful  to  look  at  the  difference  between 
HH2  and  LH1  in  the  crossover  region 


LH1  -  HH2,  Subband  Separation 


♦Crossover  occurs  for  wider  wells  as  the 
barrier  width  decreases 

♦Amount  of  crossover,  up  to  over  20  meV, 
can  be  large 


Energy  [meV] 


Subband  Energy  Positions 


The  first  two  conduction  subbands  are 
plotted  against  well  width  for  fixed  barrier 
width  of  4  atomic  monolayers,  11.4  A. 

Conduction  Subbands,  11.4  A  barrier 


♦First  two  subbands  are  the  symmetric 
and  antisymmetric  solutions  arising 
from  the  single  well  Cl  subband 

"‘Splitting  is  greater  than  in  hole  cases: 
electrons  more  strongly  coupled  due  to 
smaller  effective  mass 
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SCOW  Subbands  Compared  to  Single  Well 
Case 

The  first  two  subbands  in  the  SCQWs 
split  about  the  first  single  well  state. 

Valence  Subbands:  4  monolayers,  11.4  A, 
barrier 


Subbands  HH1/HH2  with  Single  Well  HH1 


♦Splitting  is  quite  even  about  the  single 
well  state 
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Single  well  comparison,  cont. 


Conduction  Subbands:  4  monolayers,  11.4  A 
barrier 


300 
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Subbands  C1/C2  with  Single  Well  Cl 


♦Splitting  is  not  even  about  single  well 
state:  can  not  assume  equal  splitting 

♦Coupled  Well  Cl  behavior  could  be  due 
to  bulk  bandedge 

♦  Assumption  of  equal  splitting  is  okay 
for  wide  wells  and  barriers 


Subband  Behavior  as  a  Function  of  Barrier 
Width 

Plot  the  position  of  the  first  two  valence 
and  conduction  subbands  as  a  function  of 
barrier  width  for  a  fixed  well  width  of  11 
atomic  monolayers,  31.1  A. 

Valence  and  Conduction  Subbands: 

HH1/HH2  Splitting  vs.  Barrier  Width 
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Barrier  Width  Behavior,  cont. 


C1/C2  Subband  Splitting  vs.  Barrier  Widt 


Barrier  [monolayers] 

♦Splitting  is  greater  for  the  conduction 
states  than  for  the  valence  states: 
follows  from  effective  mass  argument 


♦Functional  form  for  both  cases  is  quite 
simple:  Use  a  simple  fitting  function? 


It  is  seen  that  a  simple  function  can  be 
fit  to  the  subband  energy  positions  as  a 
function  of  both  well  and  barrier  widths  in 
SCQWs. 

The  functional  form  is: 


where 

D  is  the  energy  position 
x  is  the  well  or  barrier  width 
and  Ay  B  and  C  are  system 
dependent  parameters 

*This  function  works  well  for  the 
systems  studied. 

*It  can  also  be  applied  to  subband 
splittings  since  they  are  simply  the 
difference  between  subband  positions. 


Energy  [meV] 


Plot  the  HH1  and  LH1  subband  energy 
positions  for  various  well  widths  and  oa 
barrier  width  of  4  monolayers,  11.4  A. 

Hole  States  with  Fits,  11.4  A  barriers 


♦Fit  is  excellent  for  both  bands  over 
entire  region  studied. 


f 
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Plot  the  Cl  and  C2  subband  energy 
positions  for  various  well  widths  and  oa 
barrier  width  of  4  monolayers,  11.4  A. 

Conduction  bands  and  Fit,  11.4  A  barrier 


10  20  30 

Well  Wit  i,  monolayers 


♦Fit  is  quite  good  for  the  conduction 
bands  also. 


The  separation  between  the  first  two 
conduction  states  as  a  function  of  barrier 
width  o  for  a  well  width  of  11  monolayers, 
31.1  A,  is  plotted  along  with  the  fit  to  it. 
The  same  functional  form  is  used. 


C1/C2  Splitting  vs.  Barrier,  with  Fit 


♦Yariv,  et.  a/.,  found  an  exponential 
dependence  on  barrier  width  for  the 
band  splitting  in  a  weakly  coupled 
case.  This  case  is  strongly  coupled. 


See:  A.  Yariv,  C.  Lindsey,  U.  Sivan,  J.  Appl.  Phys.  58, 
3669  (1985). 


Points  to  Note  About  Fitting  Parameters 


*The  more  strongly  coupled  subbands, 
conduction  and  light  holes,  have  a 
larger  inverse  well  width  squared 
component. 

*The  more  weakly  coupled  subbands, 
the  heavy  holes,  are  more  linear  in 
inverse  well  width. 

*This  is  in  agreement  with  the  findings 
of  Yariv  et.  al. ,  who  found  a  linear  de 
pendence  on  inverse  well  width  for  a 
weakly  coupled  case. 
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Failure  of  the  Fitting  Function 

The  fit  begins  to  fail  in  certain  regions 
for  the  heavy  holes.  This  can  be  explained 
in  terms  of  a  shift  from  the  dominance  of 
quantum  confinement  effects  in  determining 
subband  location,  to  a  region  in  which  bulk 
material  parameters  play  a  larger  role. 

♦Where  quantum  confinement  is  strong 
for  all  states,  all  subbands  will  have 
the  same  functional  dependence. 

*Heavy  holes  are  the  least  strongly 
coupled  due  to  large  effective  masses, 
so  they  should  be  the  first  to  be  more 
strongly  affected  by  the  bulk  material. 

♦Fitting  functions  work  well  for  light 
holes  and  electrons  for  well  width  of 
at  least  100  A,  for  these  barriers,  while 
the  heavy  holes  go  into  a  region  where 
the  bulk  material  effects  are  stronger: 
the  fit  begins  to  fail. 


*Subband  behavior  for  narrow,  strongly 
coupled  quantum  wells  is  studied  in 
detail. 

*LH1  and  HH2  subband  crossover  is 
seen  at  narrow  well  width:  could  be 
useful  for  Quantum  Confined  Stark 
Effect. 

♦Splitting  of  symmetric/antisymmetric 
states  about  single  well  state  is  not 
even  for  strongly  coupled  wells. 

*Subband  location  and  subband  pair 
splitting  can  be  given  accurately  using 
a  simple  fitting  function. 

♦Fitting  function  has  three  system  depen¬ 
dent  parameters. 

♦Fitting  function  fails  as  quantum 
confinement  gives  way  to  the 
influence  of  the  bulk  material. 
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